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Abstract

T regulatory cells (Tregs) play a critical role in controlling the immune response, often limiting
pathogen-specific cells in order to curb immune-mediated damage. Studies in human infants have
reported an increased representation of Tregs in these individuals. However, how these cells differ
from those in adults at various sites and how they respond to activation signals is relatively
unknown. Here we used a newborn nonhuman primate (NHP) model to assess Treg populations
present at multiple sites with regard to frequency and phenotype in comparison to those present in
adult animals. We found that FoxP3™* cells were more highly represented in the T cell
compartment of newborn NHP for all sites examined, i.e. the spleen, lung, and circulation. In the
spleen and circulation, newborn-derived Tregs expressed significantly higher levels of FoxP3 and
CD25 compared to adults, consistent with an effector phenotype. Strikingly, the phenotype of
Tregs in the lungs of adult and infant animals was relatively similar, with both adult and newborn
Tregs exhibiting a more uniform PD-1"CD39* phenotype. Finally, /7 vitro, newborn Tregs
exhibited an increased requirement for TCR engagement for survival. Further, these cells
upregulated CD39 more robustly than their adult counterpart. Together, these data provide new
insights into the quantity of Tregs in newborns, their activation state, and their potential to respond
to activation signals.

INTRODUCTION

T regulatory cells (Tregs) are critical mediators of immune homeostasis, impacting the
response to both pathogens and self antigens. The absence of this population can lead to
lethal autoimmune disease or increased damage to host tissue following infection. The latter
is likely attributable to a Treg imposed reduction in the number of virus-specific T cells
generated following infection that has been reported in a number of models (e.g. (1, 2)).
Thus, proper regulation of this population is critical in allowing an appropriately robust
response that promotes pathogen clearance while at the same time limiting damage to the
host.
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Tregs can be divided into two major populations, thymus-derived Tregs and peripherally
induced Tregs. Thymus-derived Tregs leave the thymus and enter the periphery with
suppressive activity while peripherally induced Tregs acquire this activity during their
differentiation following activation (3). Tregs are commonly identified by expression of the
master regulator FoxP3 (4, 5). Tregs express an array of cell surface molecules that have
been associated with their suppressive activity, i.e. CTLA-4, PD-1, ICOS, GITR (6-13). A
number of studies have demonstrated a correlation between the level of these markers and
suppressive activity (9, 14, 15). For example, ICOS ligation results in increased transcription
of IL-4, IL-10, and TGF-B (9, 14). CTLA4 inhibits via an alternative approach, depleting
CDB80 and CD86 on APC through trans-endocytosis (15), thereby decreasing CD28 ligand
availability which deprives T cells of optimal levels of this critical activation signal.

Other mechanisms by which Tregs negatively regulate the immune response include 1L-2
consumption, direct cell killing, generation of adenosine, and induced expression of
indoleamine 2,3-dioxygenase (IDO) in DC (3). IDO in the environment results in depletion
of amino acids which are required for T cell function and survival. Adenosine production by
Tregs is the result of metabolism of ATP by the ectoenzymes CD39 and CD73 (3, 11).
CD39" Tregs isolated from human blood demonstrate increased suppressive capacity
compared to their CD39" counterpart (13). Adenosine produced by Tregs binds to the A2A
receptor on effector T cells, resulting in inhibition of TCR signaling (16).

The immune response of the infant is often decreased and/or altered compared to adults
encountering a similar immune challenge. Human infants have been reported to have a
higher representation of Tregs in circulation (17-23). This may be the result of the enhanced
propensity for cells to differentiate into Tregs in these individuals (23-26). The increase in
Tregs has been postulated to contribute to the difficulty in eliciting immune responses in
newborns. While higher Treg numbers can suppress pathogen-specific responses, the benefit
is evident in the need to maintain tolerance to maternal alloantigens (27) as well as limiting
inflammation during the establishment of the microbiome following birth (28).

While the increase in Tregs has been documented, our understanding of the distribution and
function of these cells in newborns is limited. This is in part due to the challenges associated
with studying these cells in human infants, e.g. their relatively low frequency compared to
other immune populations coupled with the small amount of blood that can be obtained.
Thus, our understanding of Tregs in human infants has come largely through the study of
cord blood (CB) cells. CB Tregs exhibit potent suppressive activity (29, 30), suggesting
these cells are likely to be relevant contributors to the reduced responses in newborns
following infection or vaccination. A caution with these data comes from the recent report of
stark differences in the immune system of 1 week old human infants compared to that
present in cord blood (31). Thus, it is unclear how CB Tregs reflect the phenotype, function,
and distribution of these cells in newborns. Given the limited information available for Tregs
in the newborn, we have used an NHP model to gain insights into the distribution,
phenotype, and activation requirements of this critical immunoregulatory population. These
studies provide significant new insights into Tregs in the newborn.
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MATERIALS AND METHODS

Animal Approval

Newborn and adult African green monkeys were obtained from the breeding colony at Wake
Forest School of Medicine. Animals are group housed in pens with daily outdoor access. All
animal protocols were approved by the Institutional Animal Care and Use Committee at
Wake Forest School of Medicine. The WFSM animal care and use protocol adhered to the
US Animal Welfare Act and Regulations.

Analysis of Tregs in Naive AGM Tissues

Spleens and PBMC were isolated from five newborn AGM (4-5 days of age) and five adult
AGM (9.6-12.8 years of age) at necropsy. Lung samples from four adult and newborn were
available for these analyses. Single-cell suspensions were prepared from mechanically
dispersed spleen and lung tissue or by density gradient separation for blood. Cells from all
samples were frozen for future study. Splenocytes, PBMC and lung samples were thawed by
placement in a 37°C water bath for 10 minutes followed by washing with warm media
(RPMI, 10% FBS, 100U/mlI-100pg/ml Pen/Strep, 2mM L-glutamine, 1% NEAA, 1mM
Sodium Pyruvate, 10mM HEPES, 50uM B-ME). For flow cytometric analysis, cells were
first stained with Zombie Violet (BioLegend, San Diego, CA) to exclude dead cells. Cells
were then stained with phycoerythrin-Vio770-conjugated CD3 (Clone 10D12; Miltenyi
Biotec, Bergisch Gladbach, Germany), allophycocyanin-conjugated CD279 (PD-1) (Clone
eBi0J105; eBioscience, ThermoFisher, Waltham, MA), Brilliant Violet 510-conjugated
CD278 (ICOS) (Clone C398.4A; BiolLegend), phycoerythrin-conjugated CD25 (Clone
CD25-4E3; eBioscience, ThermoFisher) and Brilliant Violet 711-conjugated CD39 (Clone
Al; Biolegend). For FoxP3 staining, cells were fixed and permeabilized with the FoxP3
Staining Buffer set (eBioscience) followed by addition of Alexa Fluor 488-conjugated
FoxP3 (Clone 206D; BioLegend). Samples were acquired on a BD LSRFortessa X-20 and
analyzed with BD Diva Software (BD Immunocytometry Systems, San Jose, CA).

Analysis of in vitro stimulated cells

Splenocytes, 5 x 10° per well, were cultured in media containing RPMI, 10% FBS, 100U/
ml-100pg/ml Pen/Strep, 2mM L-glutamine, 1% NEAA, 1mM Sodium Pyruvate, 10mM
HEPES, and 50uM B-ME. These cultures were plated in a 48-well plate that was previously
coated overnight at 4°C with anti-CD3 (Clone FN18; NHP Resources, location) at 1.0, 0.1
and 0.01ug/ml. Anti-CD28 (Clone CD28.2, NHP Resources), at 5pug/ml, and recombinant
human IL-2 (carrier-free) (BioLegend), at 20U/ml, were added to each well. Duplicate
cultures were set up for each condition and the plate was incubated at 37°C and 5% CO, for
4 days. The first set of cultures were harvested two days post stimulation and the second at
four days post stimulation. Cells were harvested, counted and stained with Zombie Violet
(BioLegend, San Diego, CA) to exclude dead cells. Cells were then stained with
phycoerythrin-Vio770-conjugated CD3 (Clone 10D12; Miltenyi Biotec, Bergisch Gladbach,
Germany), allophycocyanin-conjugated CD279 (PD-1) (Clone eBioJ105; eBioscience,
ThermoFisher, Waltham, MA), Brilliant Violet 510-conjugated CD278 (ICOS) (Clone
C398.4A; BiolLegend), phycoerythrin-conjugated CD25 (Clone CD25-4E3; eBioscience,
ThermoFisher) and Brilliant Violet 711-conjugated CD39 (Clone Al; BioLegend). For
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FoxP3 staining, cells were fixed and permeabilized with the FoxP3 Staining Buffer set
(eBioscience) followed by the addition of Alexa Fluor 488-conjugated FoxP3 (Clone 206D;
BiolLegend). Samples were acquired on a BD LSR Fortessa X-20 and analyzed with BD
Diva Software (BD Immunocytometry Systems, San Jose, CA).

Statistical analysis

RESULTS

Significance was determined by a t-test or one-way ANOVA analysis as appropriate, using
GraphPad Prism Software (GraphPad, San Diego, CA).

Newborn AGM have a significantly higher representation of Tregs in the spleen compared
to adult animals.

Splenocytes from five newborn (age 4-5 days) or five adult (9.6-12.8 years) African green
monkeys (AGM) were isolated and the presence of Tregs identified by staining with anti-
CD3 and anti-FoxP3 antibody (Fig. 1A). Comparative ages of AGM to humans is roughly
1:4, so newborns approximate a 3-4 week old infant and adult animals individuals who are
38-51 years of age. For identification of Tregs, we assessed FoxP3*CD25" cells within the
CD3™ population. As would be predicted, the CD3*FoxP3*CD25* cells were nearly all CD8
negative (Fig. 1A). Gating of Tregs directly from CD3"* cells was chosen to allow detection
of all Tregs based on the reported downregulation of CD4 on AGM T cells that can occur
following activation (32). This approach is supported by our analysis of CD4 on the Tregs.
Both newborn and adults animals had CD4* as well as CD4" populations within the
CD3*FoxP3*CD25™ cells. However, the ratio of CD4-expressing to non-expressing Tregs
was significantly higher in newborns (Fig. 1B). This is consistent with reduced immune
challenge experienced in newborns.

Having established our strategy for identifying Tregs we evaluated their representation
within the T cell compartment of newborn and adult animals. Splenocytes from newborn
animals had a significant increase in the percentage of CD3* T cells that were FoxP3™* (Fig.
1C). This resulted in an increase in the total number of cells in newborns that were FoxP3*
(data shown are the number per 5x10° splenocytes given the differences in total splenocytes
in newborns and adults (Fig. 1D)). CD25 is often used in conjunction with FoxP3 as a
marker of Tregs. FoxP3* from newborn and adult animals co-expressed CD25; however, the
expression was significantly higher on newborn Tregs compared to those in adults,
suggesting these cells may be more activated (Fig. 1E).

The level of FoxP3 expressed by newborn splenic Tregs is higher than adult Tregs.

The level of FoxP3 has been correlated with the suppressive activity of Tregs (33, 34). As
was the case for CD25, we found that on average, newborn splenic Tregs had significantly
more (1.7-fold) FoxP3 than their adult counterpart (Fig. 1F). The higher level of FoxP3,
similar to the increased CD25, suggested these cells may be more highly activated and/or
have more recently encountered activation stimuli.
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A similar percentage of splenic Tregs from newborn and adult AGM express PD-1.

PD-1 expression has been shown to regulate Treg proliferation and survival (10, 35).
Analysis of this marker revealed a similar percentage of PD-1* Tregs in newborn and adult
splenic Tregs (representative data are shown in Fig. 2A and averaged data in 2B). Unlike
what we observed for CD25 and FoxP3, the level of PD-1 on the positive cells was not
increased but instead trended towards reduced expression although this was not significant
(Fig. 2C). Emerging data suggest high levels of PD-1 may negatively regulate the expansion
of Tregs (36, 37) and thus this trend towards lower levels in newborns may reflect a greater
proliferative potential of cells which could contribute to the higher number observed in the
spleen.

A higher percentage of newborn splenic Tregs express ICOS.

The increased expression of FoxP3 in newborn Tregs led us to evaluate ICOS given the
report of an association between ICOS signaling and FoxP3 level (9). ICOS was expressed
on a significantly higher percentage of Tregs from newborns compared to adult animals
(representative data are shown in Fig. 2D and averaged data in 2E). Although the an
increased percentage of cells expressed ICOS in newborns, there was no difference in the
level of expression of this marker on Tregs from adults vs. newborns (Fig. 2F).

We next measured CD39 given its role in generating the immunosuppressive factor
adenosine (11). Newborn and adult animals did not differ in the percentage of Tregs that
express CD39 (representative data are shown in Fig. 2G and averaged data in 2H) . However,
interestingly, the level of CD39 expressed on newborn cells was significantly lower than on
Tregs from adult animals (Fig. 2I).

Analysis of Tregs in the lung.

We next asked whether these differences were generally apparent in newborn Tregs. We first
evaluated cells in the lungs. Lung tissue from four adults and four newborn was available for
study. As in the spleen, FoxP3* cells were more highly represented in the CD3* population
of the lung (Fig. 3A), demonstrating the increased representation of Tregs extended to the
lung. Expression of FoxP3 in cells from the lungs of newborns was not significantly
different than those in adults (Fig. 3B). As in the spleen, we evaluated the expression of
CD25, PD-1, ICOS, and CD39. Tregs from the lungs of newborns and adults were not
significantly different in their expression of these markers (Fig. 3C—F). We note that there
was a trend towards a higher level of FoxP3 expression and the percent of ICOS* cells in
newborns. As we were only able to evaluate four newborns here, a limitation of this analysis
is the possibility that some differences were missed that would be apparent with a larger
sample size.

While the phenotype of the Tregs did not differ between the newborns and adults, they were
distinct from what we found in the spleen. In general, Tregs in the lung displayed a more
activated phenotype with high PD-1 and CD39 expression. Together these data show that the
basal state of Tregs present in the lungs have a distinct phenotype compared to those in the
spleen. This suggests either preferential migration into the lung of cells with this phenotype
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or regulation following entry into the tissue. It also shows that newborn and adult Tregs have
the potential to reach a similar phenotypic activation state.

The phenotype of circulating Tregs is distinct from those in the spleen and lung.

Lastly, we evaluated the Tregs present in circulation. This is of practical importance given
that in humans PBMC are the predominant source of cells used to assess immune status and
are often viewed as a surrogate for the cells in other tissues. Once again, we observed
significantly more Tregs in the newborn versus adult animals and that these cells expressed a
higher amount of FoxP3 (Fig. 4A and B). As in the spleen, CD25 expression on these cells
was significantly increased (Fig. 4C). Evaluation of the functional markers revealed an
increased percentage of Tregs that were positive for each of the regulatory molecules PD-1,
ICOS, and CD39 in newborns. Tregs from newborns also had a higher level of PD-1 on a per
cell basis, while having similar levels of ICOS and CD39 (Fig. 4D-F).

Tregs from newborns have an increased requirement for TCR engagement for survival.

To gain insights into the survival signals required for Tregs from newborn and adult animals,
splenocytes were stimulated /n7 vitro with titrated concentrations of immobilized anti-CD3
(1, 0.1, and 0.01 pg/ml) together with anti-CD28 (5 ug/ml). The number of Tregs at the
initiation of the culture and at d2 and d4 are shown in Fig. 5. Adult cells showed little
change in number regardless of the stimulation received. In contrast, in the absence of strong
TCR engagement (1 ug/ml anti-CD3) the number of Tregs in cultures of newborn cells
dropped significantly at days 2 and 4 (Fig. 5A). To complement these studies, we evaluated
the cultures for the presence of nonviable cells by staining with the fixable Zombie viability
dye. We saw an increase in Foxp3™ cells that stained positive for the dye selectively in
newborns following stimulation with the lower amounts (0.1 and 0.01 pg/ml) of
immobilized anti-CD3 antibody (Fig. 5B). Together, these data support an increased need for
potent TCR engagement for survival of Tregs from newborns.

Newborn Tregs show more robust increases in the level of ICOS following stimulation than
their adult counterpart.

Our finding that the Tregs in the spleens of newborns had a higher percentage of ICOS™ cells
led us to assess how the representation of this subpopulation changes following stimulation.
These baseline data are replotted in Fig. 6 for ready comparison. Cultures stimulated as
above were assessed for ICOS expression on Tregs at d2 and d4 of culture. The percentage
of Tregs expressing ICOS did not change significantly in either adult or newborn Treg
populations regardless of anti-CD3 level (Fig. 6A, upper panel). However, similar to the
increase observed at dO, there was a significant increase in the percent ICOS-expressing
cells in newborns on d2 (p=0.04) and d4 (p=0.005) when cells were stimulated with 1 ug/ml
anti-CD3. For these analyses, an adult and newborn animal were analyzed in parallel in each
experiment. To directly assess Treg populations present in the d4 cultures of cells from
newborns versus adults, we calculated the ratio, here the percentage of ICOS™ cells, present
in adult vs. newborn animals for each experiment. On average, there was a higher percentage
of cells that were ICOS* in newborns, similar to what was found at the start of culture (SF1).
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In contrast we observed significant changes in the level of expression of this marker within
the ICOS™ subset (Fig. 6A, lower panel). Compared to the d0 cells, a significant increase in
ICOS level was observed for both newborn and adult cells at both days and with all three
anti-CD3 concentrations. Not surprisingly, the level was highest following stimulation with
the 1 pg/ml condition. The increase following stimulation resulted in a significantly higher
level of ICOS in newborn versus adult Tregs on d2 (p=0.006) as well as d4 (p=0.002) of
culture. These data suggest the ICOS level in both newborn and adult NHP Tregs is
calibrated by the strength of TCR engagement and that newborns upregulate ICOS to a
greater extent than adults following TCR engagement. Comparison of the relative expression
in newborns versus adults at d4 showed that on average, the expression was higher on
newborn Tregs (SF1).

Tregs from newborns exhibit more robust upregulation of CD39 following stimulation
compared to their adult counterpart.

Our initial analyses of cells directly ex vivo showed a similar percentage of CD39* cells in
the two age groups, with a reduction in the level of CD39 on Tregs from newborns. As
above, these baseline data are replotted in Fig. 6B for comparison. Following stimulation,
adult Tregs showed no significant change in the percentage of cells expressing CD39 or the
level of CD39 expressed by the positive cells (Fig. 6B). In contrast, at d4 there was an
increase in CD39* cells in the newborn Treg population as well as a significant increase in
CD39 expression (Fig. 6B). In fact the level of CD39 at d4 following stimulation with the 1
ug/ml condition was significantly higher (1.5-fold, p=0.007) than that on adult Tregs (Fig.
6B and SF1). This is a striking finding given the significantly lower level of expression
present on these cells at d0. Taking into account the function of this molecule, this result
suggests newborn Tregs may have the potential for higher suppressive activity following
activation. Finally, we evaluated PD-1 expression following /n vitro stimulation. No
significant changes in PD-1 were observed at any timepoint (Fig. 6C). As would be expected
based on this finding, similar to what was observed at d0, on average newborns had a
reduced level of expression of PD-1 relative to adults on d4 of culture (SF1).

DISCUSSION

Here we investigated Treg populations in newborn NHP to gain a fuller understanding of the
baseline (in the absence of immune challenge) distribution, frequency, and phenotype of this
immunoregulatory population as well as the response to activation. At present, our
knowledge of these cells in newborns is relatively limited, derived predominantly from
analysis of human cord blood cells or newborn mice. The NHP model used here is arguably
the most representative of human newborns and in addition allows for assessment of Treg
populations at multiple sites. Our studies show that FoxP3* Tregs are consistently more
highly represented in newborns compared to adults. An increased frequency of Tregs was
observed in all sites evaluated-spleen, circulation, and lung. However, beyond this we found
alterations in Treg populations between adult and newborn animals that were dependent on
their location. Tregs in the spleen and circulation, but not lungs, of newborns expressed
significantly higher levels of FoxP3 compared to their adult counterpart. Further, Tregs in
the circulation of newborns were also much more likely to express PD-1, ICOS, and CD39
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than their adult counterpart. The increases in FoxP3 and markers associated with inhibitory
activity are consistent with the potential for enhanced suppressive activity of Tregs from
newborns compared to adults (3, 33, 34).

The increased representation of Tregs in newborn NHP is consistent with what has been
reported for humans (17-23). As with human, it is challenging to know how changes in the
absolute number of T cells in newborns versus adults impacts the Treg frequency differences
that we observed. However, we favor a model wherein the differences in production and
differentiation of these cells are significant contributors. The enhanced propensity for
newborn T cells to differentiate into Tregs has been reported (25) and it is thus likely that
this is a contributor to the increased FoxP3* cell frequency. In addition, in humans, the
decline in Treg frequency begins prior to the time at which the decline occurs for naive T
cells (38). This suggests that changes in absolute number as cells transition from naive to
memory does not fully account for the observed decrease in frequency. Instead we propose
this finding is consistent with changes in their production in the thymus. In this regard,
peripheral Tregs have been reported to migrate back to the thymus where they suppress
production of Tregs, but not conventional T cells (39), suggesting active regulation of their
generation via a feedback loop.

A striking observation was the high representation of Tregs within the lungs of newborns.
Tregs are known to populate the lungs at steady state following generation in the thymus,
with additional cells recruited as a result of inflammation (for review see (40)). A number of
studies support the importance of these cells in establishing tolerance to inhaled antigens
(41, 42). Specifically FoxP3* Tregs have been shown to mitigate Th2-mediated lung
inflammation in several murine models of tolerance (43, 44). It is tempting to speculate that
these cells are recruited to the lungs of newborns to assist in the establishment of tolerance
given the constant exposure of this tissue to foreign antigens within the first few weeks of
life.

Although Tregs in the lungs of newborns were significantly more plentiful and expressed
higher levels of FoxP3, newborn and adult cells were relatively similar in expression of
CD39, ICOS, and PD-1. This was the result of an increased percentage of Tregs that
expressed CD39, ICOS and PD-1 in adults compared to Tregs in circulation or the spleen.
The increased expression of PD-1 on lung versus splenic Tregs in adults is in agreement
with a study evaluating these populations in a mouse model (45). The other two markers
assessed here, ICOS and CD39, were not evaluated. However, in a separate study, analysis of
adult murine Tregs revealed increased ICOS on lung versus splenic cells (7), consistent with
our findings. In general, it was notable that this more activated phenotype was not restricted
to the lung of newborns as it was present in PBMC and splenic Tregs. Why this is the case is
not known, but could reflect generalized higher levels of inflammation present in newborns
as a result of exposure to novel environmental entities following birth.

Our data show that CD39 is robustly upregulated on Tregs of newborns following TCR
engagement, reaching levels that are 1.5-fold higher than adult-derived Tregs. This was
striking given the significantly lower expression of this marker on a per cell basis in

newborn Tregs at baseline, a finding noted in analyses performed on human cord blood
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Tregs (46). Our data show that CD39 is highly responsive to TCR engagement on newborn
Tregs. Analysis of Tregs isolated from patients with rheumatoid arthritis revealed a
correlation between CD39 levels and suppressive activity (47). This is not surprising given
its function as an ectoenzyme that converts proinflammatory extracellular ATP to the
immunosuppressive molecule adenosine (11). We propose that the higher CD39 induced
following activation of newborn Tregs would allow for more robust generation of
suppressive mediators.

ICOS likewise reached higher densities in newborns following activation in spite of starting
out at similar levels in the two groups. A recent study showed that the presence of ICOS was
directly correlated with FoxP3 demethylation and expression in murine Tregs (48). Thus, the
increased frequency of cells expressing ICOS at baseline identified in our study may
contribute to the higher FoxP3 expression we observed in newborn Tregs. The expression of
ICOS by Tregs is also correlated with increased suppressive activity (49) as well as
resistance to cell death (8). With regard to the latter, our results are somewhat unexpected in
that the survival of Tregs from newborns is impaired in the absence of strong TCR
engagement compared to adult-derived Tregs in spite of having a higher percentage of cells
that express this marker. This finding is consistent with differential regulation of survival in
Tregs from newborns versus adults, likely reflecting developmental changes in this
population. CD28 has been previously reported as an important signal for Treg survival (50).
As high level CD28 ligand (anti-CD28 agonist antibody) was present in our cultures, our
data suggest that CD28 engagement alone is insufficient for survival of newborn Tregs. In
humans, ICOS negative Tregs were strongly stimulated through anti-CD28, while 1COS-
expressing Tregs proliferated more strongly to ICOS engagement (51). Thus it is possible
that the higher abundance of ICOS" Tregs in adults allowed for increased utilization of anti-
CD28 in the culture and thus better survival. Interestingly, as is the case for other T cell
populations, Treg survival is dependent on tonic TCR signals (52, 53). The increased
strength of TCR engagement required by newborn Tregs may be the result of impaired TCR
signaling that has been reported in these T cells (54-56).

How might the differences in this immunoregulatory population impact the ability of the
newborn to respond to infection? It seems likely that the increased representation of Tregs is
a contributor to the lower T cell response that has been reported in newborn mice following
virus infection (57, 58). In support of this, depletion of Tregs in this model resulted in an
increased CD4" and CD8™ T cell response following HSV infection (24). Interestingly, there
are instances, where even in adults, the presence of Tregs is deleterious for optimal pathogen
clearance, as was reported for Helicobacter pylori infection (59).

The increase in Tregs in the lungs of newborns is particularly intriguing in light of our
previous findings showing that newborn AGM have highly reduced inducible BALT
(iBALT) following influenza virus infection (60). This is accompanied by a lower antibody
response in the respiratory tract. (60). Given the increased representation of Tregs and their
high expression of markers associated with suppressive function, it is tempting to speculate
that the presence of these cells contributes to the reduced immune response in the respiratory
tract. In a weanling mouse model, high numbers of Tregs were found to inhibit iBALT
formation (61). Interestingly, there is evidence that Tregs in the lung draining lymph node
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are also important contributors to the Treg-mediated negative regulation of iBALT formation
(62). While we have not evaluated lymph nodes here, we would predict an increase in Tregs
similar to what we observed in the spleen and circulation and as we previously found in the

lung-draining lymph node following influenza virus infection of newborn AGM (60).

The significantly higher level of CD39 expression present on newborn compared to adult
splenic Tregs following stimulation with anti-CD3 was striking given the considerably lower
level present on newborn Tregs ex vivo. In addition to the higher level achieved in response
to stimulation, a higher percentage of newborn Tregs in circulation were positive for CD39.
This molecule is a critical contributor to the production of the immunosuppressive mediator
adenosine through its role in conversion of ATP to AMP (63). It is tempting to postulate that
the higher or more frequent expression of this molecule may contribute to the increased
adenosine reported in the plasma of human infants (64).

In summary, we present here the first analysis of FoxP3* Tregs in multiple sites in newborn
versus adult NHP. Based on what is known, our data support the use of NHP as a model
reflective of human newborns, as we find an increased representation of Tregs in newborn
versus adult animals as has been reported for humans (17-23). Here we also show that the
expression of inhibitory markers can vary across tissues and with age. This is a caution for
studies of human peripheral blood cells, which are often used as a surrogate for what is
present in the body. Finally, our data also demonstrate differences in survival and
upregulation of molecules involved in suppression by Tregs. These data significantly
advance our understanding of the regulation of splenic, circulating and tissue-resident
newborn Tregs.

Supplementary Material
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Key Points:
1 FoxP3* cells are more highly represented in newborn spleen, lung, and
circulation.
2. Newborn Tregs express higher levels of FoxP3 and CD25 compared to adults.
3. Newborn and adult Tregs differ in their survival and response to TCR
engagement.
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Fig. 1. Tregsare more highly represented in the spleens of newborn NHP and exhibit higher
levels of FoxP3 and CD25.

Splenocytes isolated from five newborn (4-5 days of age) and adult (9.6-12.8 years of age)
AGM were evaluated for the presence of Tregs. (A) Splenocytes were initially gated on
Zombie excluding (live) CD3* cells (first column of panels). Tregs within this population
were identified by co-staining for FoxP3 and CD25 (second column). We evaluated
expression of CD8 on the FOXP3*CD25* cells, showing the vast majority do not express
CD8 (third column). In B, the expression of CD4 on Tregs was assessed. On average, infants
had a higher representation of CD4* cells within the FoXP3*CD25* population. Data shown
are the average of the ratio of CD4-expressing to non-expressing cells. Averaged data (n=5)
for the percentage of cells that are positive for CD25 and FoxP3 within the CD3* population
and the number per 5x10° splenocytes are shown in C and D, respectively. The level of
CD25 (E) and FoxP3 (F) on the FoxP3™* cells from the five newborn and adult AGM was
measured. Data from individuals animals are indicated; the line represents the average
+SEM. Significance was determined using a Student’s t-test. *p<0.05, **p<0.005,
***p<0.0001.
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Fig. 2. A higher percentage of newborn splenic Tregs express | COS compared to adults.
CD3*FoxP3* splenocytes from newborn (4-5 days of age) and adult (9.6-12.8 years of age)

(n=5) were evaluated for the expression of PD-1, ICOS and CD39. Representative flow plots
are shown in A, D, and G. Plots represent the expression within the CD3*FoxP3*
population. The marker indicates the positively staining cells. The average percent of cells
positive for each marker is shown in B, E, and H. The average MFI for expression on the
positively staining cells is shown in C, F, and 1. Symbols represent individual animals; the
line represents the average+SEM. Significance was determined using a Student’s t-test.
**p<0.005, ***p<0.001. ns=not significant.
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Fig. 3. Newborns have higher representation of Tregsin thelung compared to adults, but their

phenotypeissimilar in the two age groups.

Lung cells isolated from four newborn (4-5 days of age) and four adult (9.6-12.8 years of
age) AGM were evaluated for the presence of Tregs. Cells were initially gated on Zombie
excluding (live) CD3* cells. Tregs within this population were identified by co-staining for
FoxP3 and CD25. Data for the percentage of CD3™ cells expressing FoxP3 are shown in A.
The level of FoxP3 (B) and CD25 (C) on FoxP3™ cells is shown. The percentage of cells
expressing the indicated molecule (top panels) and the level expressed by these cells (bottom
panel) for PD-1 (D), ICOS (E), and CD39 (F) was also evaluated. Data from four adults is
shown in D-F as one animal had a very low percentage of FoxP3™ cells that did not allow
confident analysis of subsets. Individuals animals are indicated; the line represents the
averagexSEM. Significance was determined using a Student’s t-test. **p<0.005. ns=not

significant.
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Fig. 4. Newborns have higher representation of Tregsin circulation compared to adultsand a

higher percentage display markersassociated with suppressive activity.

PBMC from four newborn (4-5 days of age) and five adult (9.6-12.8 years of age) AGM
were evaluated for the presence of Tregs. Data for the percentage of CD3* cells expressing

FoxP3 are shown in A and the level of FoxP3 and CD25 on FoxP3* cells in B and C,

respectively. The percentage of cells expressing the indicated molecule and the level of PD-1
(D), CD38 (E), and ICOS (F) expressed is shown. Individuals animals are indicated; the line

represents the averagexSEM. Significance was determined using a Student’s t-test.
*p<0.05,**p<0.005,***p<0.001, ****p<0.0001. ns=not significant.
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Fig. 5. Tregsfrom newborns have a greater dependence on TCR engagement for survival.
Splenocytes from newborn (4-5 days of age) and adult (9.6-12.8 years of age) were cultured

in the presence of titrated amounts of immobilized anti-CD3 antibody together with 5 pg/ml
anti-CD28 for 48 or 96 hours. Day 0 data are replotted here for ease of comparison. Viable

Tregs in the cultur

e at each timepoint were identified as CD3*FoxP3* and Zombie™ fixable

viability dye excluding. (A) Number of viable Tregs at each timepoint. Significant changes
versus culture input (d0) were determined using a one-way ANOVA. (B) The percent of
Zombie™*CD3*FoxP3™ cells in the non-debris FSC/SSC gate at each timepoint was
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calculated. The fold-increase in the percentage of non-viable cells at 96 hours compared to
stimulation with 1 pg/ml condition is shown. Data represent the average+SEM.
**p<0.005,***p<0.001, ****p<0.0001. ns=not significant.
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Fig. 6. Tregsfrom newbor ns exhibit morerobust increasesin CD39 and | COS following
stimulation compared to Tregsfrom adults.
Splenocytes from newborns (4-5 days of age) and adults (9.6-12.8 years of age) were

cultured in the presence of titrated amounts of immobilized anti-CD3 antibody together with
5 pg/ml anti-CD28 for 48 or 96 hours. Day 0 data are replotted here for ease of comparison.
Viable Tregs in the culture at each timepoint were identified as CD3*FoxP3* and Zombie™
fixable viability dye excluding. The percentage of cells expressing each marker and the
average expression (MFI) of these markers on the positive population is shown (A) ICOS,
(B) CD39, and (C) PD-1. Values represent the averagexSEM. Significance was determined
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using a one-way ANOVA. *p<0.05,**p<0.005,***p<0.001, ****p<0.0001. ns=not
significant.
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